Abstract. Previous studies have demonstrated that one area of greatest increase in surface sea temperatures (SST) (0.02 • C per year) in the Indian Ocean over the last 50 years occurs off the lower west coast of Australia, an area dominated by the Leeuwin Current. The present paper examines water temperature trends at several coastal sites since the early 1970s: two rock lobster puerulus monitoring sites in shallow water (<5 m); four sites from a monitoring program onboard rock lobster vessels that provide bottom water temperature (<36 m); and an environmental monitoring site at Rottnest (0-50 m depth). Two global SST datasets are also examined. These data show that there was a strong seasonal variation in the historic increases in temperature off the lower west coast of Australia, with most of the increases (0.02-0.035 • C per year) only focussed on 4-6 months over the austral autumn-winter with little or no increase (<0.01 • C per year) apparent in the austral spring-summer period. These increases are also apparent after taking into account the interannual variation in the strength of the Leeuwin Current. The warming trend results in a change to the seasonal temperature cycle over the decades, with a delay in the peak in the temperature cycle during autumn between the 1950s and 2000s of ∼10-20 days. A delay in the timing of the minimum temperature is also apparent at Rottnest from August-September to October. This seasonal variation in water temperature increases and its effect on the annual temperature cycle should be examined in climate models because it provides the potential to better understand the specific processes through which climate change and global warming are affecting this region of the Indian Ocean. It also provides an opportunity to further test the climate models to see whether this aspect is predicted in the future projections of how increases will be manifest. Any seasonal variation in water temperature increase has important implications for fisheries and the marine ecosystem because it may affect many aspects of the annual life cycle such as timing of growth, moulting, mating, spawning and recruitment, which have to be taken into account in the stock assessment and management of fisheries.
Introduction
Ocean circulation off the west coast of Australia is dominated by the poleward-flowing eastern boundary current of the Indian Ocean, the Leeuwin Current (Cresswell and Golding 1980) . Owing to the existence of the Leeuwin Current, the sea surface temperature (SST) is relatively high and ocean production is relatively low off the west coast of Australia compared with other subtropical eastern-boundary current systems (Feng et al. 2003 . The high SST may also have an important influence on regional climate. Interannual variations of SST in the region have been found to be related to the El Niño/Southern Oscillation (ENSO), likely due to the ENSO influence on the strength of the Leeuwin Current (Pearce and Phillips 1988; Feng et al. 2003) , and hence the heat transport of the Leeuwin Current (Feng et al. 2008) , which is important to western rock lobster recruitment (Caputi et al. 2001) . Pearce and Feng (2007) examined changes in SSTs in the Indian Ocean over the last 50 years using global SST products and field observations and demonstrated that the lower west coast of Australia was an area of significant increase. The increases from global SST datasets were ∼0.02 • C per year during , which is confirmed using local water temperature data from three shelf stations (rock lobster puerulus collector sites) along the lower west coast (Dongara, Jurien and Rat Island) as well as the long-term environmental monitoring site at 50-m depth off Rottnest Island (Fig. 1) . The puerulus collectors provide an index of abundance of puerulus (last larval stage) that allow the prediction of rock lobster catches 3 years in advance. These SST sites showed increases of 0.026 to 0.034 • C per year during 1985 (Pearce and Feng 2007 .
Using the CSIRO Mk3.5 climate model to assess the impact of climate change on the Australian marine environment, Poloczanska et al. (2007) predicted that surface waters around Australia will warm by 1-2 • C by the 2030s and 2-3 • C by the 2070s. They considered the impact these changes would have on Australian marine biodiversity. The amount of warming that will occur (at global and regional scales) will, however, depend on global greenhouse gas trajectories over coming decades (Durack 2002; Solomon et al. 2007) . N Although these studies have examined the annual temperature increases both historically and into the future, they have not assessed whether these changes vary seasonally. The seasonal variations of SST trends during 1979-2005 have been brought into attention on global and ocean basin scales (Trenberth et al. 2007) ; however, these variations have not been analysed and thoroughly validated on regional scale. The present paper examines the seasonal variation in the temperature trends off the west coast of Australia in the south-east Indian Ocean, using a combination of data from long-term monitoring stations on the shelf as well as global SST reconstruction products. By breaking down the overall warming trend to its monthly components, there is the potential to better understand the specific processes through which climate change and global warming are affecting this region of the Indian Ocean. It provides an opportunity to further test the climate models to see whether this aspect is predicted.
In a parallel study, Lough (2008) identified a warming trend on the north-west and north-east coast of Australia since 1950, with a greater increase occurring on the north-east coast and a greater increase in the annual minimum than the annual maximum. They estimated that the climate zone had shifted ∼100 km south on the north-west coast.
As the water temperature variation along the lower west coast of Australia is influenced by the Leeuwin Current, an estimate of the long-term trend in water temperature is also examined after taking into account the interannual variation in the strength of the current. Any seasonal variation in water temperature increase has important implications for fisheries and the marine ecosystem because it alters the seasonal temperature cycle and may affect many aspects of the annual life cycle such as timing of growth and moulting, mating, spawning, and recruitment.
Materials and methods
Two historical SST reconstructions are examined: HadISST from 1870 produced by the Met Office Hadley Centre (Rayner et al. 2003) and NOAA-Extended Reconstruction from 1854 (ERSST, Smith and Reynolds 2004) . They are based on the same set of historical observations except that different interpolation techniques are used. Both products have monthly values. The HadISST has 1 • by 1 • spatial resolution and the ERSST has 2 • by 2 • resolution. Three versions of bimonthly (Jan-Feb etc.) SST trends have been computed: ERSST (1950 ERSST ( -2006 , HadISST (1950 HadISST ( -2006 and HadISST (1970 HadISST ( -2006 . The trends in the ERSST and HadISST data are compared in terms of seasonal evolution and spatial structures.
Nearshore temperatures are available from rock lobster puerulus collector sites along the lower west coast between the Abrolhos Islands and Cape Mentelle (Fig. 1) , with two sites (Dongara and Jurien) having been sampled continuously since 1970. These puerulus collectors are in shallow water (<5 m) and are sampled once a month at each site near the time of the full moon with two water temperatures taken on each sampling occasion. A generalised linear model (GLM) analysis (Nelder and Wedderburn 1972) was undertaken on the water temperature data for the two coastal collector sites (Dongara and Jurien), taking into account the site, year (1970 to 2006) , month and year-month interaction and a standardised (least square mean) monthly temperature was obtained for each year. Water temperatures were missing for some months. The rate of increase per year of the standardised water temperature for each month was used to estimate the linear long-term trend in temperature for each month from 1970 to 2006. The year-month interaction assesses whether the annual variation in the monthly temperatures was similar across all months. A monthly seasonal cycle of temperature for each decade (1970s to 2000s) was determined to assess the net effect of these changes between the decades.
The bottom water temperatures at four sites (Dongara, Jurien, Lancelin and Fremantle, Fig. 1 ) at depths of less than 36 m over the rock lobster fishing season (November to June) have been monitored monthly since the 1971-72 season on board commercial rock lobster vessels. Although these samples cover only part of the year, they extend over a large geographical area covering the lobster distribution both alongshore and cross-shelf. A GLM analysis has been used to examine the effect of year, month, location, depth and their interactions on bottom water temperature. Standardised temperatures using least square means of the GLM analysis have been estimated for each month and year of the fishing season for the two northern sites (Dongara-Jurien) and two southern sites (Lancelin-Fremantle).
Water temperatures have been obtained from an environmental station 6 km west of Rottnest Island, where the depth is 55 m (Fig. 1 ) from surface to a depth of 50 m at 10-m depth intervals. These data were collected on a fortnightly to monthly basis from 1951 to 1956 and from 1969 to 2002. There were several missing values. A GLM analysis was undertaken of the water temperature to assess the impact of year, month and depth. An estimate of the rate of increase in water temperature per year was made for the standardised (least square mean) water temperature for each month of the year. The temperature cycle for each decade was determined.
The relationship between the standardised water temperature estimates for periods of the year at each of the locations with the annual strength of the Leeuwin Current (measured by the Fremantle sea level) and the long-term trend (using the variable year) was examined using a multiple regression analysis. The Fremantle sea level was adjusted by 1.55 mm per year to take into account the long-term increase in sea level, which was most likely due to global-warming-induced thermal expansion (Feng et al. 2004 ). This analysis attempts to separate the interannual variation in water temperature from the long-term temperature increases that are occurring. One of the factors that affects the interannual variation in water temperature is the strength of the Leeuwin Current, which is influenced by the ENSO cycle.
Results
Analysis of the standardised water temperature data for the puerulus collector sites, Dongara and Jurien, showed that the rate of increase in water temperature per year was different between months ( Fig. 2 ). There was an average warming trend of 0.034 • C per year (standard error of 0.010 • C) duringApril to July and there was little or no increase apparent from August to March (Fig. 3) . The Leeuwin Current was not a significant factor in explaining the interannual variation in temperature (Table 1 ). The differential rate of increase of water temperature during the year results in a change in the seasonal temperature cycle between the early 1970s and the 2000s (Fig. 4, top panel) , with the two most recent decades showing about a 1 • C-higher temperature in April to July than the 1970s and 1980s.
The GLM analysis of bottom water temperature (<36 m) data from the rock lobster commercial monitoring program since 1971-72 showed a significant year-month interaction, i.e. there was a variation of long-term trend during different months of the fishing season (November-June). An increase in bottom temperature was evident in the autumn-winter months (MarchJune) and no increase was evident in the late spring-summer months (November-February) for both the northern (Dongara, Jurien) and southern sites (Lancelin, Fremantle) (Fig. 2) . This dataset showed that the significant increase started in March, whereas the coastal puerulus sites dataset indicated little increase in March, and April being the first month where an increase is apparent. The rate of increase in temperature in the March to June period varied between the northern sites (0.024 • C per year with standard error of 0.009 • C) and southern sites (0.020 • C per year with standard error of 0.009 • C) ( Table 1 ). The Leeuwin Current was a significant factor affecting the interannual variation in water temperature. After taking into account the effect of the Leeuwin Current, the long-term rates of increase were very similar at 0.025 • C per year (standard error of 0.009 • C) and 0.021 • C per year (standard error of 0.008 • C) respectively (Table 1) . Thus, the long-term trends are insensitive as to whether the interannual variations of temperature due to the Leeuwin Current are removed.
There was a later peak in bottom water temperature over the 36-year time series with January-February being the warmest months of the annual cycle in the 1970s and 1980s, and February-March being the warmest months in the 1990s and 2000s (Fig. 4, middle panel Analysis of the standardised water temperature at Rottnest (0 to 50 m average) for the period 1951 to 2002 showed that the increase in water temperature varied between months and that most of the increase was during the April to September period with an average increase of 0.017 • C (standard error of 0.005 • C) per year (Fig. 2, Table 1 ) with less of an increase apparent from October to March of 0.007 • C per year. The variation in temperature increase between autumn-winter and spring-summer was much less at Rottnest Island compared with the coastal sites of Dongara to Fremantle (Fig. 2) .
The relationship between the standardised water temperature for April to September at Rottnest and the annual strength of the Leeuwin Current and the long-term trend had a multiple correlation of 0.65 (P < 0.001), and the Leeuwin Current (adjusted FSL) and the long-term trend were significant at the 0.01 and 0.001 level respectively. The estimated long-term trend for April to September after taking into account the Leeuwin Current was 0.019 • C per year (standard error of 0.004 • C), which was only slightly higher than the estimated trend not taking into account the current (Table 1) .
The temperature cycle for Rottnest for each decade (Fig. 4 , lower panel) showed a peak in April for all decades, which was later than the peak month (February-March) for the bottom temperature data from the monitoring sites (Dongara to Fremantle) and may reflect the effect of the Leeuwin Current on the offshore Rottnest Island. However, the timing of the minimum temperature has become progressively later in the year with the minimum occurring in August-September in the 1950s, September-October in the 1970s and in October since the 1980s.
The bimonthly SST trends (ERSST (1950 (ERSST ( -2006 , HadISST (1950 HadISST ( -2006 , and HadISST (1970 HadISST ( -2006 ) showed that the trends are consistent between these datasets in terms of seasonal evolution, but there are some differences in spatial structures and the magnitude of the warming trend. As most of the field site temperature datasets are from 1970 onwards, the results of the global dataset HadISST since 1970 are presented (Fig. 5) . This shows that no increase in the rate of water temperature change is apparent in January-February in the lower west coast ofAustralia and that a small increase commences in March-April. The maximum temperature increase occurs in the May-August period, with lower rates of warming for the rest of the year.
Off the north-west coast of Australia, little increase in water temperature is apparent in January-February, with a relatively low increase of ∼0.01 • C per year for the rest of the year (Fig. 5) . Off the south coast of Western Australia (east of 120 • E), the warming trend is strongest in May to August, which is a similar period to the lower west coast, with little or no increase over January to April. The HadISST dataset showed that the area 115-120 • E on the south coast had no increase and possibly a cooling trend (Fig. 5 ) but this anomaly was not apparent in the ERSST dataset (Fig. 6) .
By comparing the average warming trends during April-July for 1950-2006 and 1970-2006 for the two datasets, HadISST and ERSST, we find that the 1970-2006 period has a consistent greater warming trend off the west coast, but there is no consistent trend between the two products off the south coast (Fig. 6 ). The differences in the spatial patterns of the long-term trends between the two global SST products also emphasises the need for in situ observations to validate these trends.
To confirm the phase shift in the SST annual cycle, the peak SST phase was assessed for each decade since the 1950s by using a sinusoidal fit to the monthly temperatures during different decades. There was very little phase change from the 1950s to 1970s: from the north coast to the upper west coast of Australia, the peak SST phase occurs progressively from mid-February to mid-March; the peak SST occurs in early March off the lower west to south Australian coast (Fig. 7) . There was a delay in the timing of the peak temperature of ∼10 days from 1970s to 1980s off most coastal areas, and there was further delay during the 1990s and 2000s. Thus, there has been a delay of ∼10-20 days in the timing of the peak temperature between the 1950s and 2000s (Fig. 7) . There was little change in the timing of the peak water temperature in the north-west and south coast of Western Australia. 120°E 125°E 130°E  100°E 105°E 110°E 115°E 120°E 125°E 130°E   100°E 105°E 110°E 115°E 120°E 125°E 130°E  100°E 105°E 110°E 115°E 120°E 125°E 130°E   100°E 105°E 110°E 115°E 120°E 125°E 130°E  100°E 105°E 110°E 115°E 120°E 125°E The consistent large-scale pattern of the phase shift in the reconstructed SST products provide confidence in the signals of both the seasonal variation of SST trend and the phase shift of the SST annual cycle.
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Discussion
The rate of warming of water temperatures off the lower west coast of Australia since the 1970s varies seasonally. Most of the temperature increase seems to have occurred over ∼4-6 months in the austral autumn-winter period, with minimal increase occurring in the remaining period of the year. The seasonal variations of temperature trends have been determined from several coastal monitoring sites on the lower west coast of Australia: two rock lobster puerulus sites, four sites from a commercial monitoring program on board rock lobster vessels, an environmental monitoring site (since 1950s) and two global temperature datasets.
The months where the increases are highest were similar between the datasets, with coastal puerulus monitoring sites (Dongara, Jurien) indicating April-July as having the highest increase (0.034 • C per year) while the Rottnest Island site had a wider period (April-September) where the increase (0.017 • C per year) was apparent (Table 1, Fig. 2 ). The rock lobster monitoring sites, which are only sampled during November-June, had increases of 0.024 • C pa and 0.020 • C pa during the March to June period for the Dongara-Jurien and Lancelin-Fremantle sites respectively. The global datasets that were analysed bimonthly also indicated the increase was greatest during the May-August period on the lower west coast, with increases of 0.03 to 0.04 • C per year (Fig. 5) .
This seasonal variation in the warming trend has also been identified on the north-west and north-east coast of Australia since 1950 with a greater increase in the annual winter minimum than the annual summer maximum (Lough 2008) .
The strength of the Leeuwin Current significantly affected the interannual variation in water temperature at the Rottnest station 100°E 105°E 110°E 115°E 120°E 125°E 130°E  100°E 105°E 110°E 115°E 120°E 125°E 130°E   100°E 105°E 110°E 115°E 120°E 125°E 130°E  100°E 105°E 110°E 115°E 120°E 125°E 130°E   100°E 105°E 110°E 115°E 120°E 125°E 130°E  100°E 105°E 110°E 115°E 120°E 125°E and the rock lobster monitoring sites, but it was not significant at the shallow-water puerulus sites (Table 1) . The Leeuwin Current flows generally along the edge of the continental shelf and therefore its influence on the shallow water sites (e.g. puerulus sites <5 m depth) is less compared with the Rottnest (55 m) and lobster monitoring sites (<36 m). The water temperature at the shallow water puerulus sites may be more influenced by interannual variation in air-sea flux. After taking into account the interannual variation of the current, the long-term rates of increase of water temperature were only slightly higher (Table 1) . The greater increase in water temperature in autumn and winter compared with spring and summer results in a change in the annual temperature cycle over the decades. There is a later peak in temperature by ∼10-20 days from the HadISST dataset. This is supported by a delay in the maximum temperature apparent from the commercial monitoring program (Dongara to Jurien) from January-February in the 1970s and 1980s to FebruaryMarch in the 1990s and 2000s. A later minimum temperature is apparent at the Rottnest from August-September in the 1950s to October since the 1980s. The timing of the maximum and minimum temperature for the shallow water puerulus monitoring sites has remained relatively constant over the decades at February and August, respectively, and may be more closely tied to the annual air temperature cycle.
Leeuwin Current heat advection may not directly contribute to the warming trend off the coast. There have been more El Niño events than La Niña events since the mid-1970s due to the climate regime shift in the Pacific (Hare and Mantua 2000; Feng et al. 2004) , so that there are more years of weak Leeuwin Current than those of strong Leeuwin Current in the more recent decades owing to the relationship between ENSO events and the Leeuwin Current (Pearce and Phillips 1988) . As an index of the strength of the Leeuwin Current on the annual and interannual time scale, Fremantle sea level has a lower rising trend compared with the global average sea level rise since 1950s, indicating that the Leeuwin Current has not increased its strength during this time period.
There has been a significant reduction of rainfall in the southwest region of Australia, since the mid 1970s, with most of the reduction occurring during autumn to early winter (Li et al. 2005; Bates et al. 2008) , which coincides with the period that the offshore region has the highest SST increase. The rainfall during this period is usually associated with storms crossing the coast from the south-west of Australia. Thus, the reduction of the occurrence of the storm activity, which causes significant latent heat release offshore and brings the winter rainfall to the south-west region of Australia, may be important in causing the warming trends during those seasons. Li et al. (2005) noted that these changes are associated with the large-scale pressure pattern, referred to as the southern annular mode (SAM), with an upward trend in mid-latitude surface pressure, decreasing cloudiness and westerlies. A quantitative study using the climate model simulations, being undertaken by the Western Australian Marine Science Institution, aims to determine the cause of the enhanced warming during the autumn to winter season.
The variation in the seasonal temperature cycle as well as the increases in water temperature are likely to have important implications for populations of marine organisms and may affect many aspects of the annual life cycle, such as timing of growth (and moulting), migration, mating, spawning and recruitment. Water temperature variations in the lower west coast of Australia have been shown to affect the biology of western rock lobsters (Caputi et al. 2001) , blue swimmer crabs (de Lestang 2002), scallops (Joll and Caputi 1995) and pink snapper (Wakefield 2006) . Caputi et al. (in prep.) highlighted how the water temperature increases in the lower west coast of Australia have significantly affected several aspects on the life history of the western rock lobsters, including size of migrating lobsters, size at maturity, recruitment abundance, relative abundance of undersize lobsters in deep water, percentage of mature females moulting from setose to non-setose and catchability of lobsters in traps.
